1. Introduction {#sec1}
===============

Our human evolutionary history is a long process that continues to progress. This complex biological evolution also explains the current way we live. We should keep in mind that we are likely the "end product" of a billion years-long process of permanent interaction with our environment. Many evolutionary theories have been proposed and discussed (e.g., Darwinism, creationism), but we have to acknowledge that all current scientific data are largely based on the fact that our environment has played a major role in the way we have evolved. Among the environmental factors, unequivocal evidence shows that microbes have colonized plants, soils and animals. Because microbes colonize many areas of vertebrates (i.e., both outside and inside the body), they have evolved with vertebrates, and they all have established a complex host-microbial relationship, thereby shaping their own genotype and, more importantly, their phenotype. As humans, we are providing them "board and lodging", whereas, in turn, they are conferring on us numerous biological functions that we are unable to perform through our own metabolism. This symbiotic relationship may influence not only our health but also the risk of developing disease when the communication between these "organs" and our organs is disordered.

In this review, we will focus our attention on specific mechanisms by which gut microbes regulate physiological processes in the context of energy and glucose homeostasis. We will discuss how specific "chemical dialogues" may take place between the gut microbiota and target host cells. We will also highlight that this is a bidirectional communication system with a putative impact on host health.

2. Gut microbiota communication and gut peptides: impact on host metabolism {#sec2}
===========================================================================

Gut microbiota composition and activity is under the influence of different factors. Among them, specific host-dependent factors, such as genetic background, sex, age, and the immune system, play a key role that is difficult to change on a voluntary basis. Conversely, specific behaviors may directly influence the gut microbiota, such as the use of antibiotics, anti-acid, anti-diabetic, or specific surgical procedures (gastric bypass). Finally, over the last 20 years, numerous data have undoubtedly shown that diet and nutrients strongly contribute to shape the gut microbiota composition (e.g., fatty acids, non-digestible carbohydrates, prebiotics, polyphenols) [@bib1], [@bib2], [@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9].

2.1. Microbial metabolites as triggering factors: focus on short-chain fatty acids {#sec2.1}
----------------------------------------------------------------------------------

Depending on the substrates (amino acids, lipids, carbohydrates) present in the gut lumen, gut bacteria can generate specific metabolites. For example, organic acids such as short-chain fatty acids (SCFAs), or branched-SCFAs and specific bile acid derivatives and vitamins are continuously produced.

The microbial fermentation of carbohydrates in the gut typically produces acetate, propionate, butyrate, and lactate, which are specific SCFAs. The relative proportion of SCFAs and, eventually, their relative abundance and ratio may result in a specific host response. It is important to note that this metabolic collaboration is dependent on the presence of a particular genus of bacteria because all substrates (nutrients) are not equally transformed into SCFAs upon carbohydrate fermentation. In addition, not all the SCFAs have the same metabolic impact. For example, butyrate is known to be a primary energy source for colonocytes [@bib10], [@bib11]. Acetate is in theory used as a cholesterol or fatty acid precursor, whereas propionate is gluconeogenic in the liver and the gut, but it may also neutralize lipogenesis from acetate or glucose in the liver [@bib12], [@bib13].

In addition to this direct role in the de novo production of nutrients, it also has been demonstrated that these SCFAs can bind to specific receptors, such as G-protein coupled receptors FFAR2 and FFAR3, (also called GPR43 and 41). These two receptors are structurally related to each other and activated by SCFAs. More than a decade ago, Brown et al. identified the endogenous ligand of these receptors [@bib14]. They are encoded by genes that are located close to each other in the genome. Moreover, these receptors exhibit some overlapping expression but also partially share signaling pathways (Gα~i/o~ and/or G~q~). Thus, for example, the stimulation of GPR43 by SCFAs reduces cAMP production and activates ERK (extracellular signal-regulated kinase) cascade via Gα~i/o~ dependent mechanism, or increases intracellular Ca^2+^ levels and promotes activation of MAPK pathway (mitogen-activated protein kinase) via interactions with the G~q~ family. Since this finding, numerous reports have shown that these receptors are expressed in a wide variety of tissues and cells types (immune cells, endocrine cells and adipocytes) [@bib15], [@bib16]. For example, GPR43 mRNA is expressed in white adipose tissues as well as in cellular models (e.g., 3T3-L1 differentiated in adipocyte and mature adipocytes). In addition, several studies have shown that GPR43 is highly expressed in the adipose tissue during high-fat diet (HFD)-induced obesity compared with control normal chow diet-fed mice [@bib17], [@bib18], [@bib19]. SCFAs are also able to suppress cAMP-induced lipolysis (isoproterenol) in a concentration dependent manner [@bib17]. By using GPR43 knockout mice, Ge and colleagues found that this is an effect dependent on GPR43 [@bib20]. SCFAs also have been shown to be involved in the management of inflammation, by mechanisms comprising the control of neutrophil chemotaxis but also by acting on the proliferation of T regulatory cells (Treg) [@bib21], [@bib22]. For example, different reports show that GPR43 contribute to the recruitment of immune cells and their activity may impact on the regulation of inflammatory processes in intestinal inflammation [@bib23].

More recently, De Vadder and colleagues have shown that gut microbes improve various features of energy metabolism (e.g., insulin sensitivity) via mechanisms depending of a SCFAs-induced intestinal gluconeogenesis in the intestine. Specifically, they found that propionate acts on GPR43 in the periportal afferent neural system to induce intestinal gluconeogenesis via a gut-brain neural circuit and, eventually, has beneficial effects on host physiology [@bib13].

Because, the bacterial fermentation of dietary fibers in the intestine is the major source of the SCFAs, these discoveries have led to the unequivocal demonstration of molecular mechanisms by which gut microbes dialog with organs and contribute to control host metabolism through the regulation of several intracellular cascades. Hence, SCFAs are considered to be key messengers through which bacteria are able to talk to organs and thereby modulate host metabolism.

2.2. Gut microbes may control food intake {#sec2.2}
-----------------------------------------

Over the last 15 years, different researchers have contributed to decoding the mechanisms explaining how the ingestion of non-digestible carbohydrates (e.g., inulin-type fructans, arabinoxylans, chitin glucan, resistant starches) improves metabolic disorders through a gut microbiota-dependent pathway [@bib24], [@bib25], [@bib26]. In 2004, it was reported that changing the gut microbiota in rats using three different prebiotics (inulin-type fructans) that varied according to their chemical structure reduced food intake, body weight, and fat mass [@bib24]. This discovery raised key questions: how can we explain that changing the gut microbes by using prebiotics affects the control of a brain-controlled factors such as food intake? Are there any other putative factors involved? These questions will be addressed in a different part of this review.

2.3. Gut microbes and gut peptides {#sec2.3}
----------------------------------

Searching for a mechanism of action, we reasoned that because the vast majority of microbes residing in the gut are located in the ileum and in the colon, the beneficial effects of prebiotics might be related to this area of the gastro-intestinal tract. Interestingly, this portion of the intestine is precisely where most of the enteroendocrine L-cells are located. Because L-cells produce anorexigenic peptides such as glucagon-like peptide-1 (GLP-1) and Peptide YY (PYY), we decided to quantify the concentration of these peptides in the portal vein of rodents in which the microbial composition was changed by using prebiotics. We discovered that the levels of GLP-1 and PYY were increased in portal vein blood [@bib24], [@bib27]. This effect was associated with an increase in the GLP-1 and PYY precursors (preproglucagon and pre-proPYYmRNA expression, respectively) in the ileum and in the colon. We next discovered that affecting the gut microbiota composition and activity strongly decreased the orexigenic hormone ghrelin in the blood of rats treated with prebiotics [@bib24] ([Figure 1](#fig1){ref-type="fig"}).

These observations were the first linking gut microbiota activity, and hence a phenomenon occurring in the lower part of the gut, with signals integrated into the brain to control food intake. Most of these findings have been confirmed with different non-digestible carbohydrates (i.e., resistant starches and arabinoxylans) and will not be discussed in the present review [@bib28], [@bib29], [@bib30], [@bib31], [@bib32], [@bib33], [@bib34].

Interestingly, prebiotic (inulin-type fructans) fermentation increased the abundance of SCFAs (i.e., propionate and butyrate) [@bib35], [@bib36]. GPR41 and 43 are expressed on enteroendocrine L-cells producing GLP-1 and PYY [@bib37]. As discussed earlier in this review, SCFAs are ligands for these receptors. Therefore, it is easy to consider that SCFA activation of both GPR\'s promotes the secretion of GLP-1 and peptide YY, as shown by several reports [@bib37], [@bib38], [@bib39].

To further investigate whether the beneficial effects observed between changes in gut microbes and metabolism were explained by a mechanism involving GLP-1 production, Cani et al. have used two different approaches. They first used genetic and pharmacological manipulations and found that mice lacking the GLP-1 receptor (GLP-1R) were not sensitive to the impact of prebiotics [@bib40]. In other words, in the absence of GLP-1R, mice remained obese, resistant to insulin, and did not reduce their food intake. The same observation was made when using a pharmacological blockade of the GLP-1R, 4 weeks chronic infusion of the GLP-1R antagonist exendin 9-39. This treatment completely abolished the beneficial effects of prebiotics on food intake, hepatic insulin sensitivity, and glucose tolerance [@bib40].

Therefore, these studies clearly show that the metabolic effects observed following the microbiota-increased endogenous production of GLP-1 require functional GLP-1 receptors.

Besides, the increased expression of the precursor of GLP-1 and PYY, we also found that the gut microbiota controls the differentiation of stem cells into enteroendocrine cells and thereby increases the number of L-cells secreting GLP-1, GLP-2 and PYY in both the jejunum and in the colon [@bib41], [@bib42], [@bib43]. However, the exact mechanism explaining how the gut bacteria shape the fate of stem cells into enteroendocrine cells remains unknown ([Figure 1](#fig1){ref-type="fig"}).

Because of the beneficial systemic effects of gut peptides on energy and glucose homeostasis, deciphering the mechanisms involved in the regulation of the secretion of these peptides and L-cells may provide beneficial effects to obese and type 2 diabetic patients.

2.4. Human evidence linking gut bacteria and appetite {#sec2.4}
-----------------------------------------------------

Numerous studies have shown that alterations to gut microbiota composition and activity may change food intake as well as gut peptide production in humans. However, the impact of GLP-1 is less conclusive. Briefly, in 1996, Ropert et al. first reported that the ingestion of lactulose (a compound fermented by microbes) or the intracolonic administration of SCFAs in healthy volunteers was linked to the endogenous production of gut peptides [@bib44]. In 2003, Piche and colleagues reported a significant increase in plasma GLP-1 following a meal one week after a daily ingestion of oligofructose (20 g per day) [@bib45]. Moreover, Archer et al. and Whelan et al. observed that gut microbiota modulation using non-digestible carbohydrates reduced food intake and daily energy intake. Nevertheless, none of these studies investigated gut peptides [@bib46], [@bib47]. In 2006, it was shown that microbial fermentation of oligofructose (16 g/day for 2 weeks) significantly increased satiety, reduced hunger, and reduced prospective food desire to ingest food [@bib48]. These results were confirmed and enriched by the demonstration that the increased satiety and reduced hunger were associated with changes in plasma GLP-1 and PYY levels [@bib49]. This has also been established in obese patients who also exhibited a decrease in circulating ghrelin [@bib50]. Since these studies were performed, several other studies have reported that the ingestion and modulation of microbiota activity using different non-digestible carbohydrates affect appetite sensations [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58].

Altogether, these studies strongly suggest the existence of a gut-brain axis involving enteroendocrine relay. However, recent evidence in rodents has shown that SCFAs such as acetate also directly reach the brain to control food intake.

Gut microbes also are able to transform specific amino acids into specific products that can change the secretion of GLP-1. Recent data have shown that the by-product of tryptophan, namely indole, triggers GLP-1 secretion by a mechanism dependent on the membrane potential of an action and more specifically by the modulation of intracellular Ca^2+^ induced after the inhibition of voltage-gated K^+^ channels (31). It is worth noting that this study also found that a longer period of stimulation of the cells by indole might inhibit mitochondrial metabolism and thereby lowers intracellular ATP concentration. This effect induces ATP-sensitive K^+^ (K-ATP) channels to open and a hyperpolarizing of the plasma membrane, eventually slowing down GLP-1 release (31).

2.5. Gut microbes and leptin production {#sec2.5}
---------------------------------------

Leptin is an adipokine that is proportionally secreted in adipose tissue mass and informs the brain of the whole-body nutritional status of the subject [@bib59], [@bib60]. Leptin is involved in the regulation of energy homeostasis but also has been connected to the regulation of glucose homeostasis and numerous gastrointestinal functions, such as GLP-1 secretion [@bib61].

Leptin-resistance is a well-known hallmark of obesity. In 2011, Everard et al. were the first to show that gut microbiota control leptin action. More precisely, they chronically fed mice with a HFD in order to induce leptin resistance. The resistance to leptin action in obese mice was assessed by the lack of effect of exogenous leptin administration on food intake, body weight gain, and lipogenesis marker (i.e., acetyl-CoA carboxylase) expression after leptin administration. Although chronically treated with a HFD, the mice that ate a HFD supplemented with prebiotics exhibited a physiological response to leptin. Prebiotic treated mice exhibited lower food intake and body weight and reduced lipogenesis in the adipose tissue as compared to mice receiving the HFD only. This observation suggests that changing the gut microbiota composition using prebiotics improved leptin sensitivity in diet-induced obesity and type 2 diabetic mice [@bib42]. By using germ-free mice, Schéle et al. confirmed that gut microbiota contributed to regulating leptin sensitivity [@bib62]. They found that upon colonizing the gut of the axenic mice with gut microbiota (i.e., conventionalization), the conventionalized mice exhibited a lower expression of proglucagon. The same group also found that the presence of microbiota induces a lower expression of brain-derived neurotrophic factor (BDNF), which is also considered to be involved in the regulation of energy homeostasis by hypothalamic and brainstem circuits [@bib63]

Although the mechanisms are not fully elucidated, several hypotheses have been proposed. First, data have shown that changing the gut microbiota by using prebiotics reduces low-grade inflammation [@bib40], [@bib42], [@bib64], [@bib65], but also that reducing inflammation improves leptin sensitivity [@bib66]. Therefore, reducing both peripheral and central inflammation may help to dampen leptin resistance during obesity. Because leptin and GLP-1 are intertwined, we may not exclude that under prebiotic feeding, the improved leptin sensitivity also could contribute to the higher secretion of GLP-1 and, thereby improved glucose and energy homeostasis. As discussed earlier in this review, SCFAs regulate the production of several enteroendocrine peptides, but SCFAs also may regulate the production of leptin. Prebiotics have been shown to strongly increase the production of SCFAs in both the cecum and in the blood. Studies have shown that the secretion [@bib36], [@bib67] of leptin by adipocytes is tightly regulated by SCFAs and GPR41/43 activation [@bib68], [@bib69]. Therefore, we propose that targeted modulations of the gut microbiota by use of prebiotics or specific bacteria that produce SCFAs could be viewed as a novel therapeutic target to reset leptin sensitivity during obesity.

Finally, this example further supported that gut microbiota-derived products act as key messengers between bacteria and different peripheral organs, including adipose tissue and the brain. Nevertheless, the role of specific bacterial genera or species in these processes remains to be elucidated.

In a very informative study, Frost and colleagues found that direct acetate and acetate derived from the colon through microbial fermentation of prebiotics (using C^13^ labeled carbohydrates) induces an anorectic signal involving glutamate--glutamine transcellular cycle and GABA production in the hypothalamic arcuate nucleus (ARC) [@bib70] ([Figure 1](#fig1){ref-type="fig"}). Thus, two questions arise: Are the bacteria able to communicate with the brain? If so, excepting the SCFAs, what are the other mechanisms involved?

2.6. Gut microbes and communication with the nervous system {#sec2.6}
-----------------------------------------------------------

Bi-directional gut-brain interactions are well-described mechanisms involved in the maintenance of homeostasis, and this dialog implies involvement of gut microbiota (for review [@bib71]). Efferent signals from the brain may modulate peripheral gut functions, such as the release of gut factors (hormones, neurotransmitters, immune factors) and/or gastrointestinal contractions, which, in turn, modify the composition of gut microflora. On the other hand, gut microbes may interact with the enteric nervous system (ENS), afferent nerves (vagal sensory neurons, spinal sensory neurons and intrinsic primary afferent neurons (IPANs)), and the central nervous system (CNS) to control the production and/or release of neurotransmitters by direct or indirect actions on neurons. In fact, Toll-Like Receptors (TLR) 3, 4 and 7 are expressed in the myenteric and submucosal plexi of murine intestine and human ileum and also in the dorsal root ganglia [@bib72]. This last result suggests that bacterial LPS may directly target enteric neurons to control "local" functions (i.e., gastrointestinal motility and/or secretion) and to inform the brain of gut variations (e.g., nutrient sensing, presence of pathogens). Reinforcing the existence of a direct communication between microbiota and ENS is the fact that TLR2, which is a recognized peptidoglycan from gram-positive bacteria, is also expressed in ENS neurons [@bib73]. TLR2 knockout mice had alterations in ENS architecture and neurochemical profile, suffered from intestinal dysmotility, and had abnormal mucosal secretions [@bib73].

Another possibility is that gut microbes are sensed by the ENS is the presence of IPAN. IPANs are ideally placed to respond to luminal bacteria as suggested by Forsythe and Kunze [@bib74], because their neurites are exposed to the intestinal lumen to detect gut microbiota. This close inter-relation between IPANs and gut microbiota is reinforced by the work of McVey Neufeld et al. [@bib75], which demonstrates that absence of microflora is associated with a decrease in gut IPAN excitability in the mouse.

Another cellular partner of microbiota in controlling ENS activity in the gut is the glial cell, because this cell type expresses TLRs receptors [@bib72], [@bib73]. Different types of enteric glial cells are present in the intestinal wall. One of them, the mucosal enteric glial cell, is implicated in neuroprotection, maintenance of the intestinal epithelial barrier, and the regulation of immune responses in the mucosa. By using immunohistochemistry studies, Kabouridis et al. have recently demonstrated that homeostasis of glial cells is under the influence of gut microbiota [@bib76], [@bib77]. Here, the authors discovered that microbiota are required for both the initial establishment (i.e., migration) and for the postnatal development of enteric glial cells in the intestine.

Gut microbes are also able to control the function of glial cells in the central nervous system, particularly the maturation and function of microglia. To demonstrate this, Erny et al. [@bib78] used germ-free or antibiotic-treated mice. Germ-free mice present alterations in microglia function including changes in their genetic profile and morphology, disturbance of the cellular network, and diminution of microglial response to viral infection. Moreover, antibiotic treatment in normal mice induces immature and malformed microglia, which could be reversed by microbiota or SCFAs that result from bacterial fermentation.

Currently, alterations of gut microbiota are associated with the development of numerous pathologies that directly or indirectly target the nervous system.

In a recent study, Breton et al. discovered that specific bacterial proteins produced by a specific *Enterobacteriaceae*, such as *E. coli*, may physiologically explain and eventually directly link bacteria present in the microbiota to the control of appetite [@bib79], [@bib80]. They found that the intestinal infusion of proteins from *E. coli* increased the secretion of GLP-1 or PYY. In addition, they demonstrate that acute intraperitoneal administration of *E. coli* proteins decreased food intake and activated c-Fos in the arcuate nucleus (ARC). Along the same line, the same group has shown that the bacterial protein ClpB, a bacterial protein mimetic of α-MSH, stimulated the firing rate of ARC POMC neurons [@bib80]. Altogether, these data suggest that changes of gut microbiota composition and possibly bacteria expressing the same kind proteins may influence energy homeostasis by targeting the brain, via direct (i.e., POMC neurons and α-MSH) or indirect routes (i.e., GLP-1, PYY).

2.7. Gut microbes as a source of "local" neurotransmitter {#sec2.7}
---------------------------------------------------------

It is now well established that the gut microbes interact with the brain to modulate behavior and global physiology. Despite the knowledge that this communication involves various systems (autonomic nervous system, enteric nervous system, immune system and neuroendocrine system), the molecular actors and mechanisms implicated here have only begun to be explored. One expected molecular partner between the microbiota and the brain could be the neurotransmitters of bacterial origin.

The role of gut microbes as a potential source of neurotransmitters begins in the 1980s and 1990s with the association of two major discoveries. First, enteric bacteria are able to synthesize and release nitric oxide (NO) from reduction of nitrite [@bib81], [@bib82]. Second, NO is considered a major neurotransmitter in the brain [@bib83]. Another possibility for bacteria to produce NO is bacterial nitric oxide synthase [@bib84]. The role of NO from microbial origin is not clearly established, but some data support the hypothesis that bacterial NO is implicated in the development of antibiotic resistance [@bib85]. Whether bacterial NO is implicated in the control of other gut physiological or pathological functions remains to be determined.

In 2014, Williams et al. [@bib86] demonstrated that *Clostridium sporogenes* are able to decarboxylate tryptophan to tryptamine. The authors showed that this bacterium expresses tryptophan decarboxylases to generate tryptamine, which is known to induce the release of serotonin from enterochromaffin cells to stimulate gastro-intestinal motility by acting on ENS neurons [@bib87]. The work of Williams et al. [@bib86] raises the hypothesis that gut microbiota can transform tryptophan from the diet to various metabolites, including tryptamine, to modify whole body homeostasis. The study could explain, to cite the authors, "that the reduction of plasma tryptophan would decrease the production of serotonin in the brain and could represent one mechanism by which microbiota influence behaviour". This research presents the possibility of new therapeutic strategies to target brain pathologies, an idea that is reinforced by the fact that tryptophan decarboxylases are present in at least 10% of the human samples tested from the NIH Human Microbiome Project [@bib86].

Another neurotransmitter produced by microbiota is γ-aminobutyric acid (GABA). GABA is produced by *Lactobacillus* and *Bifidobacterium* with large interspecies variations [@bib88]. The physiological impact of bacterial GABA could be multiplied in the gut, because intestinal GABA is implicated in the control of intestinal motility, gastric emptying, gastric acid secretion, and visceral pain [@bib89].

The number of studies that have demonstrated the capacity of gut microbes to synthesize neurotransmitter continues to grow. Additionally, some bacteria can produce monoamines such as noradrenaline, dopamine, and serotonin [@bib90]. This last actor is one of the most studied neurotransmitters in the disturbance observed in pathologies that affect the nervous system.

2.8. Gut microbes and brain pathologies {#sec2.8}
---------------------------------------

Based on the data described above and in the literature, modifications of the cross talk between gut microbes and the brain could generate pathologies that modify social comportment (i.e., aggressiveness, depression, autism), general behavior (i.e., stress, food intake), visceral pain or neuropathologies (e.g., Alzheimer\'s or Parkinson\'s disease). In addition to peripheral disturbances generated by dysbiosis, mouse embryos from germ-free mothers have a significant increase in the permeability of the blood--brain barrier [@bib91]. This blood--brain barrier permeability is still conserved in adult germ-free mice but could be restored in response to a colonization of germ-free mice by a conventional murine microbiota. Similar results were observed with mono-colonization of SCFA-producing microbes. This last result suggests that gut microbiota participates in central homeostasis to maintain blood--brain barrier permeability.

The list of diseases linked to the "gut microbiota-to-brain axis" is long, and the molecular players involved can vary. For example, a close correlation exists between autism spectrum disorders (ASD) and gut microbiota. In a very complete review, Li and Zhou [@bib92] explain that gut microbiota composition is largely disturbed in ASD children who have a significant increase in fecal *Sutterella spp* compared to children without ASD. As SCFAs could cross the blood--brain barrier to modulate neuronal activity, this bacterial factor may participate in the establishment of ASD. Supporting this, oral gavage or intracerebroventricular injection of the SCFA propionic acid in rodents induced behavioral deficits that were consistent to that observed in human subjects with ASD [@bib95] [@bib92], [@bib96]. In fact, the levels of SCFAs in the feces could be correlated negatively [@bib93] or positively [@bib94] with ASD.

The hypothalamic--pituitary--adrenal (HPA) axis is also under the influence of gut microbes. The absence of gut microbes in mice is associated with a significant increase in plasma ACTH and corticosterone levels in response to restrain stress [@bib97]. This phenotype is reversed by reconstitution with *Bifidobacterium infantis*. In the same way, the over-activated HPA axis of germ-free mice is partly corrected by reconstitution with specific pathogen-free feces at an early stage but not by any reconstitution exerted at a later stage [@bib97]. Of course, the effect of probiotics and/or prebiotics on stress/anxiety/depression could imply afferent messages. Nevertheless, Bercik et al. [@bib98] have demonstrated that gut microbes may influence brain chemistry and behavior independently of the autonomic nervous system. The authors suggest that gut dysbiosis could contribute to the establishment of psychiatric disorders. Again, modulation of gut microbiota is associated with alterations of peripheral and central serotonin transmission. Germ-free mice have a significant decrease in tryptophan hydroxylase, an enzyme that permits serotonin synthesis, which could explain the lower level of plasma serotonin compared to control mice [@bib99]. The absence of gut microbiota also affects serotonin levels in the brain [@bib100]. As serotonin is implicated in the control of numerous physiological functions, alterations of serotonin transmission provoked by intestinal dysbiosis could influence CNS and ENS development, intestinal immune system, visceral sensitivity, and behavior (stress, depression, cognition) [@bib100].

Recently, researchers have focused their attention on the role of gut microbes on neurodegenerative pathologies such as Alzheimer\'s disease and Parkinson\'s disease. Although a direct link between microbiota and these diseases has not been clearly established. Immunosenescence is largely associated with the development of age-related health problems, such as dementia or Alzheimer\'s disease [@bib101]. During aging, the population of gut microbiota changes with an increase in Bacteroidetes versus Firmicutes proportion and a reduction of Bifidobacteria numbers. Perez Martinez et al. [@bib101] suggested that direct manipulation of gut microbes could improve the response of the immune system to counterbalance the deleterious effect of immunosenescence. Concerning Parkinson\'s disease, a close correlation is observed between gut microbes (and more particular *Prevotellaceae*) and the motor phenotype of patients [@bib102], [@bib103]. Here, the authors suggest a link between microbiota and α-synuclein. In fact, the ENS and parasympathetic nerves are amongst the structures earliest and most frequently affected by α-synuclein pathology. Thus, ENS neurons and afferent nerves could again serve as the molecular pathway between gut microbes and the development of brain pathologies.

To conclude, modulation of gut microbes in various brain pathologies, including neurodevelopmental (autism), neurodegenerative (Alzheimer, Parkinson) and metabolic (type 2 diabetes) disorders, is considered to be a promising therapeutic target [@bib104]. Understanding the molecular links between gut microbes and the development of brain pathologies constitutes the next scientific step to unravel the complex dialog observed in the gut to brain axis.

3. Gut microbes and interorgan communication: focus on LPS {#sec3}
==========================================================

Obesity and associated metabolic disorders are characterized by low-grade inflammation. In 2004, it was discovered that a high-fat diet (HFD) changes the gut microbiota (for review [@bib105]). However, we are living with a tremendous amount of bacteria in the gut (up to 100 trillion) and few, if any, are really crossing the gut barrier. In 2007, Cani et al. demonstrated that lipopolysaccharide (LPS), a constituent of gram-negative bacteria, was more present in the blood of HFD fed mice and genetically obese and diabetic mice [@bib1], [@bib65], [@bib106]. This phenomenon was called "metabolic endotoxemia". By using different models (i.e., toll-like receptors knockout mice (CD14/TLR-4)), they demonstrated that LPS is a triggering factor involved in the onset of insulin resistance, inflammation, and possibly alteration of food intake and fat mass development [@bib1], [@bib106].

Thus, the gut is likely the largest barrier between the outside world and the inner part of the body. We and others have shown that bacteria contribute to maintaining a perfect gut lining. For example, besides GLP-1, L-cells produce glucagon-like peptide 2 (GLP-2) that reinforces gut barrier function. Data have shown that changing the microbiota composition using prebiotics reduces gut permeability, plasma LPS and bacterial translocation in obese animals [@bib65], and possibly in obese humans [@bib2], [@bib107]. This observation further supports the assumption that constituents of bacteria may regulate metabolic functions such as food intake and glucose homeostasis, as described previously in this review. Interestingly, TLRs that recognize bacterial products are also expressed on colonic epithelia and co-localize with enteroendocrine cells [@bib108]. More importantly, these receptors (e.g., TLR-4) have been shown to be expressed on vagal afferent neurons suggesting a possible direct sensing of bacterial products by visceral afferent nerves and supporting an additional mechanism of the gut to brain axis [@bib109]. Interestingly, de La Serre and colleagues have elegantly demonstrated that chronic LPS exposure, mimicking metabolic endotoxemia, increased food intake in rats. They found that metabolic endotoxemia markedly affected vagal afferent neuron function, with reduced vagal afferent leptin signaling [@bib109].

This important finding offers an additional mechanism explaining how gut bacteria and metabolites or products may contribute to the development of hyperphagia, obesity and metabolic disorders ([Figure 1](#fig1){ref-type="fig"}).

4. Pathogen recognition receptors and energy metabolism: brief focus on MYD88 {#sec4}
=============================================================================

The symbiosis that exists between hosts and microbes occurs because of a finely regulated system that can induce the destruction of a pathogen or conversely the tolerance of commensals [@bib110], [@bib111]. Different molecules coming from pathogens called "pathogen-associated molecular patterns" (PAMPs), such as LPS, glycoproteins, peptidoglycans, lipoteichoic acid, double-stranded RNA, and bacterial DNA, may be recognized by pathogen recognition receptors (PRRs). Among them, as described earlier in this review, we discuss the TLRs. Myeloid differentiation primary response gene 88 (MyD88) is a central adaptor molecule for the majority of these TLRs (with the exception of TLR3 and certain TLR4 signals) and for interleukin-1 receptor (IL-1R) and interleukin-18 receptor (IL-18R). Therefore, we may consider MyD88 to be a protein that plays a role at the interface of the interaction between the host and different microorganisms. Strikingly, MyD88 is also present in virtually all organs and cell types, including in organs distant from the gastrointestinal tract, thereby suggesting that during evolution, physiology and immunity have co-evolved to shape the interaction between microorganisms and host cells. Numerous studies have shown that whole-body deletion of specific TLRs or MyD88 alters the gut microbiota and energy homeostasis, thereby highlighting a key role for the immune system in this context [@bib112], [@bib113], [@bib114], [@bib115], [@bib116]. For example, mice lacking MyD88 have an altered microbial composition in the gut [@bib112], [@bib114]; however, in these models, it is difficult to delineate whether the gut microbiota contributed to the phenotype observed. In other words, the change in the host immune response may occur from birth (i.e., when the gut microbiota starts to colonize the gut) or via adaptive processes such as antimicrobial peptide production. Data have shown that the type 1 diabetes prone non-obese mice (NOD) mice are protected from the onset of diabetes if MyD88 is deleted. The same protection has also been shown to be transferred to germ-free recipient mice [@bib114]. In a different context, Hosoi et al. have shown that deleting MyD88 significantly increases the development of type 2 diabetes in mice exposed to HFD [@bib115]. Another study has shown that MyD88 knockout mice are more sensitive to HFD-induced obesity and hepatic steatosis [@bib117]. Altogether, these data suggest that there may be a cell or organ specific role of Myd88 signaling, and eventually a different phenotype according to the PAMPs and/or the organ reached.

According to this assumption, Everard et al. recently examined the hypothesis that intestinal epithelial cells act as sensors because of their direct interactions with nutrients and gut microbes [@bib118]. For this purpose, the researchers generated a mouse model lacking MyD88 only in intestinal epithelial cells that was tamoxifen inducible. This powerful model allowed for the generation of mice with a normal immune system and gut microbiota. Then the researchers deleted MyD88 in adult rodents or after the induction of obesity. During normal diet feeding, deletion of MyD88 in the intestinal epithelial cells did not modify energy metabolism or glucose metabolism and inflammation. However, in the intestinal epithelium, more regulatory T (Treg) cells were found [@bib118]. Strikingly, during HFD feeding mice lacking MyD88 in the intestinal epithelium became partially resistant to HFD-induced obesity, adiposity, and insulin resistance. The effect on fat mass and body weight was likely due to higher energy expenditure measured using metabolic chambers, whereas energy intake and excretion (i.e., energy content in the feces and feces volume) were not affected [@bib118]. Interestingly, in this model, the researchers found that the gut microbiota was changed in the mice exhibiting the intestinal epithelial cells MYD88 deletion and that transferring the microbiota also partially transferred the protection to the recipient wild-type germ-free mice. Thus, this led the researchers to concluded that intestinal epithelial MyD88 is a sensor that changes host metabolism according to the diet [@bib118].

This finding strongly suggests that fat feeding requires, at least in part, a signal coming from the host intestinal cells to induce obesity and metabolic disorders. The authors have demonstrated that that this effect was restricted to the intestinal epithelial cells, because mice lacking MYD88 in myeloid cells (i.e., monocytes, matures macrophages and granulocytes) were sensitive to HFD-induced obesity and metabolic disorders just like wild-type mice [@bib118].

In accordance with their hypothesis that the role of MYD88 may be different according to the targeted organ, the scientists recently discovered that the absence of MYD88 in hepatocytes strongly affected glucose and lipid metabolism without affecting energy homeostasis. Mice lacking MYD88 in hepatocytes are prone to develop hepatic insulin resistance, inflammation and diabetes, whereas they exhibited the same adiposity and body weight gain that wild-type mice fed with a HFD. This research was able to decouple adiposity and obesity from glucose and lipid metabolism. The mechanisms are related to a strong modulation of the transcriptional activity of several genes involved in bile acid metabolism and different bioactive lipids. Moreover, hepatocyte deletion of MYD88 changed not only gut microbes but also plasma and liver metabolome, thereby inducing a phenotype that resembled those observed in diet-induced obese and diabetic mice. Importantly, similar to the data found in hepatocyte MYD88 knock out mice, Duparc et al. found that in human obese subjects who developed nonalcoholic steatohepatitis (NASH), different factors involved in the production of bioactive lipids synthesis (i.e., different cytochromes P450) decreased. Together, these data also highlight that the crosstalk between microorganisms and host cells such as hepatocytes can tightly control glucose, lipid metabolism and inflammation through the action of different bioactive lipid compounds [@bib119].

As described in this review, gut microbes may control leptin sensitivity and therefore energy homeostasis via a possible gut to brain axis. However, in addition to the role of specific PAMPs and the activation of specific TLRs, several previous studies have also proposed that specific fatty acids (i.e., dietary fatty acids but also components of LPS) may bind to TLR-4 and activate a MYD88-dependent signaling and inflammation, but this remains controversial [@bib120], [@bib121], [@bib122], [@bib123]. In a very elegant study, Kleinridders and colleagues have demonstrated that MyD88 from the central nervous system (CNS) may elicit signals that directly controls leptin sensitivity and thereby food intake. They found that mice lacking MYD88 in the CNS are protected against HFD-induced insulin resistance [@bib116].

5. Conclusion {#sec5}
=============

Evidence suggests that signals coming from the gastrointestinal tract and/or involving different metabolites of nutrients, neurotransmitters, and PRRs may act as metabolic sensors involved in the interaction between nutrients, gut bacteria, and the host by acting on different organs and eventually the brain to control energy homeostasis.
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![**Overview of the different interactions existing between microbial metabolites, endocrine and nervous routes.** Gut microbes interact with host cells using different mechanisms. SCFAs (short chain fatty acids) are metabolites produced by the microbial fermentation of different nutrients; these SCFAs are recognized by specific G-protein coupled receptors expressed at the surface of enteroendocrine cells such as L-cells, producing GLP-1, GLP-2, and PYY. Indoles are also bacterial metabolites of tryptophan degradation involved in the control of GLP-1 release and appetite control. The secretion of such hormones control appetite, gut barrier, and glucose homeostasis (e.g., insulin sensitivity) via direct interactions with organs but also through nervous routes. Similar to what is observed in the brain, different neurotransmitters or molecules (produced by intestinal microbes), such as nitric oxide (NO) as well as γ-aminobutyric acid (GABA), act through the enteric nervous system (ENS). Secondary messengers, including NO, serotonin, acetylcholine (Ach) or vasoactive intestinal polypeptide (VIP) release, are involved in the gut to peripheral organ and brain communication, leading to the control of different behaviors (e.g., food intake, anxiety, stress). Pathogen-associated molecular patterns (PAMPs) are recognized by pathogen recognition receptors such as Toll-Like receptors (TLR\'s) that are for most of them signaling through the central adaptor molecule myeloid differentiation primary response gene 88 (MyD88). The intestinal abundance of PAMPs and the activation of different TLR\'s at the intestinal epithelial surface or at the level of the ENS regulate numerous metabolic functions such as for instance leptin sensitivity, gut hormones signaling to the brain, hence controlling whole-body energy homeostasis.](gr1){#fig1}
